Zimmerman MA, Harris RA, Sullivan JC. Female spontaneously hypertensive rats are more dependent on ANG (1-7) to mediate effects of low-dose AT 1 receptor blockade than males. Am J Physiol Renal Physiol 306: F1136 -F1142, 2014. First published March 19, 2014 doi:10.1152 doi:10. /ajprenal.00677.2013 contributes to the blood pressure (BP)-lowering effect of angiotensin receptor blockers (ARBs) in male experimental animals. Females have greater ANG (1-7) concentrations than males; however, the contribution of ANG (1-7) to ARB-mediated decreases in BP in females is unknown. The current study tested the hypothesis that female spontaneously hypertensive rats (SHR) have a larger ANG (1-7) contribution to the BP-lowering effects of the ARB candesartan than male SHR. Twelveweek-old male and female SHR were randomized to receive candesartan (0.5 mg·kg Ϫ1 ·day Ϫ1 ; 7 days), candesartan plus ANG II (200 ng·kg Ϫ1 ·min Ϫ1 ; 7 days), the ANG (1-7) antagonist A-779 (48 g·kg Ϫ1 ·h Ϫ1 ) plus candesartan and ANG II. Candesartan decreased basal BP in males and females (baseline vs. candesartan: 142 Ϯ 2 vs. 122 Ϯ 3 and 129 Ϯ 1 vs. 115 Ϯ 1 mmHg, respectively; P Ͻ 0.05); however, the decrease was greater in males. ANG II increased BP in males in the presence of candesartan (149 Ϯ 2 mmHg; P Ͻ 0.05); candesartan blocked ANG II-induced increases in BP in females (116 Ϯ 1 mmHg). Pretreatment with A-779 abolished candesartan-mediated decreases in BP in females, but not males. A-779 also exacerbated ANG II-induced proteinuria (26 Ϯ 6 vs. 77 Ϯ 11 g·kg Ϫ1 ·day Ϫ1 , respectively; P Ͻ 0.05) and nephrinuria (20 Ϯ 5 vs. 202 Ϯ 58 g·kg Ϫ1 ·day Ϫ1 , respectively; P Ͻ 0.05) in candesartan-treated female SHR, with no effect in males. In conclusion, females are more sensitive to the BP-lowering effect of ARBs during ANG II infusion, whereas males are more sensitive under basal conditions. In addition, ANG (1-7) has a greater contribution to ARB-mediated decreases in BP, protein, and nephrin excretion in females relative to males. gender; SHR; blood pressure; renin-angiotensin system; ANG (1-7) THE RENIN-ANGIOTENSIN SYSTEM (RAS) is critical in the regulation of blood pressure (BP), and RAS overactivation has been implicated in the development and maintenance of hypertension. Spontaneously hypertensive rats (SHR) are an established model of human hypertension, and BP in SHR is RAS-dependent (29). Angiotensin (ANG) II activation of AT 1 receptors mediates most well-known biological functions of the RAS (4, 39), and male SHR have greater AT 1 receptor expression in the renal cortex (36, 38), mesenteric arteries, and aorta (35) compared with females. However, there is controversy in the literature regarding the functional implications of sex differences in AT 1 receptor expression in experimental models of hypertension, and whether it affects BP control. Male SHR have been reported to be either more, less, or equally sensitive to the BP-lowering effects of AT 1 receptor blockade (ARB) than females (34, 42), while male Sprague-Dawley rats are either more or equally sensitive to ARB-mediated decreases in BP than females (30, 42) .
to the BP-lowering effects of AT 1 receptor blockade (ARB) than females (34, 42) , while male Sprague-Dawley rats are either more or equally sensitive to ARB-mediated decreases in BP than females (30, 42) .
ANG (1-7) is a peptide in the RAS pathway that opposes AT 1 -mediated effects leading to vasodilation (3), improved renal blood flow (32) , and enhanced pressure natriuresis (19) . Inhibition of ANG (1-7) in male SHR attenuates the effectiveness of RAS inhibitors to lower BP (24, 25) , supporting a role for ANG (1) (2) (3) (4) (5) (6) (7) in contributing to the BP-lowering effects of RAS inhibitors in male SHR. We recently published that female SHR have higher concentrations of renal cortical ANG (1-7) under basal conditions, as well as following chronic ANG II infusion compared with males (36) . Moreover, inhibition of ANG (1-7) increased BP sensitivity to ANG II-induced hypertension only in females (36) . There are numerous established sex differences in both the expression of RAS components and in the physiological responses to perturbations of the RAS (43) ; therefore, the question arises whether there is also a sex difference in the relative contribution of ANG (1-7) in ARBmediated decreases in BP.
Therefore, the goals of this study were to determine 1) whether there is a sex difference in the sensitivity to ARBs under basal conditions and during ANG II-mediated hypertension, and 2) whether there is a sex difference in the contribution of ANG (1-7) to ARB-mediated decreases in BP and proteinuria. Based on our previous publications and the work of others establishing a greater role for the vasodilatory components of the RAS in females compared with males (20) , we hypothesized that the contribution of ANG (1) (2) (3) (4) (5) (6) (7) to the BPlowering effects of the ARB candesartan will be greater in female SHR compared with male SHR. In addition, we previously published that chronic ANG II infusion results in renal injury in both male and female SHR (36) ; however, pretreatment with the ANG (1-7)-mas receptor blocker A-779 exacerbated proteinuria only in the female SHR. Therefore, we further hypothesize that ANG (1-7) will offer greater protection against ANG II-induced increases in protein, nephrin, and KIM-1 excretion in females relative to males.
METHODS

Animals.
Male and female SHR were used in this study (Harlan Laboratories, Indianapolis, IN, and colony rats maintained at Georgia Reagents University). All experiments were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved and monitored by the Georgia Reagents University Institutional Animal Care and Use Committee. A subset of male and female SHR were implanted with telemetry transmitters (Data Sciences, St. Paul, MN) at 10 wk of age while anesthetized with isoflurane (1.5%). Rats were allowed 1 wk to recover from surgery before being placed on receivers. Baseline BP was measured for 1 wk, and then candesartan (0.5 mg·kg Ϫ1 ·day Ϫ1 ) was administered for 1 additional wk via drinking water (n ϭ 7-8). Rats were individually housed throughout the study. Water intake and body weights were measured every other day, and the dose of candesartan in the drinking water was adjusted as needed to maintain consistent dosing between sexes; metabolic parameters are listed in Table 1 . Drinking water containing candesartan was prepared separately for each sex to account for sex differences in weight and daily water volume intake. To assess the efficacy of candesartan, animals received subcutaneous osmotic minipumps (ALZET) to deliver ANG II (200 ng·kg Ϫ1 ·min Ϫ1 ; Phoenix, Burlingame, CA) while anesthetized with isoflurane (1.5%), for an additional 7 days in the presence of candesartan. To assess the contribution of ANG (1-7)-mas receptor activation on candesartan-mediated decreases in BP, separate groups of male and female SHR (n ϭ 4 -5, respectively) were implanted with osmotic minipumps to deliver the ANG (1-7)-mas receptor antagonist D-alanine-[Ang-(1-7)] (A-779) (48 g·kg Ϫ1 ·h Ϫ1 ; Bachem, Torrance, CA) for 4 days before candesartan and ANG II treatment was initiated as described above. All rats were placed in metabolic cages for 24-h urine collection before any change in drug treatments, and at the end of the study. Animals were euthanized via exsanguination under ketamine/xylazine (50 mg/kg per 10 mg/kg ip) anesthesia before tissue was harvested and placed in liquid nitrogen.
A separate set of animals was used for biochemical analyses allowing for tissue measurements in rats that had been treated with candesartan alone. Male and female (n ϭ 7-10) SHR were randomly assigned to the following groups: 1) candesartan alone (0.5 mg·kg Ϫ1 ·day Ϫ1 ), 2) candesartan ϩ ANG II, or 3) vehicle control. Group 1 was treated with candesartan for 1 wk; group 2 was treated for 1 wk with candesartan and then an additional week of treatment with coadministration of candesartan and ANG II.
Urinary biochemical measurements. Urinary protein concentration was determined by standard Bradford assay (Bio-Rad, Hercules, CA). Enzyme immunoassays measured kidney injury molecule-1 (KIM-1; R&D Systems, St. Paul, MN), and nephrin (Exocell, Philadelphia, PA) via the manufacturer's protocols.
Peptide analysis. ANG (1-7) concentrations were measured by enzyme immunoassay after methanol extraction of the renal cortex, as described previously (38) via the manufacturer's protocol III (n ϭ 7-10; Bachem). According to the kit manufacture, cross reactivity for this EIA is 100% for angiotensin I/II (1-7), and 0% for angiotensin I, II, III, and A.
Renal cortical homogenization and Western blot analysis. Renal cortical samples (n ϭ 4 -6/group) were homogenized, as previously described (36) . Protein concentrations were determined via standard Bradford assay (Bio-Rad) using BSA as the standard. Two-color immunoblots were performed using a polyclonal primary antibody to the mas receptor (Alomone Labs, Jerusalem, Israel). Specific bands were detected using the Odyssey Infrared Imager in conjunction with the appropriate IRDye secondary antibody (LI-COR Biosciences, Lincoln, NE). Actin (monoclonal, Sigma, St. Louis, MO) was used to verify equal protein loading, and all of the densitometric results were normalized to actin and reported as fold change from control.
Statistical analysis. All data are presented as means Ϯ SE. BP, protein, KIM-1, and nephrin excretion data within each sex were analyzed using repeated-measures ANOVA; between-sex comparisons in Figs. 1 and 5 were made using a Student's t-test. ANG (1-7) peptide data and mas receptor expression in treated males and females were compared using a two-way ANOVA; factor 1 was sex of the animal, and factor 2 was treatment. Mas receptor expressions within each sex were compared using a one-way ANOVA. Differences were considered statistically significant with P Ͻ 0.05. Analyses were performed using GraphPad Prism version 4.0 software (GraphPad Software, La Jolla, CA).
RESULTS
Effect of ARB on BP in male and female SHR. Baseline BP was significantly greater in males compared with females (Fig. 1A) . Candesartan rapidly decreased BP in both sexes; however, the decrease in BP was greater in males, as evidenced by the loss of the sex difference in BP. ANG II infusion in the presence of candesartan resulted in a steady increase in BP in male SHR (Fig. 1B) ; candesartan blocked ANG II-induced increases in BP in female SHR (P Ͻ 0.05 vs. males; Fig. 1C ). As a result, BP in male SHR was significantly greater than in females at the end of the study. Increasing candesartan to 2 mg·kg Ϫ1 ·day
Ϫ1
further decreased BP and blocked ANG II-induced increases in BP in male SHR (140 Ϯ 6 to 117 Ϯ 3 mmHg; P Ͻ 0.05); female SHR exhibited a further decrease in BP to the higher dose of candesartan despite the presence of ANG II (122 Ϯ 3 to 106 Ϯ 3 mmHg; P Ͻ 0.05). Urinary protein excretion was also measured. Baseline protein excretion was greater in males compared with females (61 Ϯ 1 vs. 11 Ϯ 2 g·day Ϫ1 ·g Ϫ1 body wt, respectively; P ϭ 0.002). Protein excretion was unchanged in males following treatment with either candesartan [50 Ϯ 6 g·day Ϫ1 ·g Ϫ1 body wt; not significant (ns)] or ANG II (52 Ϯ 5 g·day Ϫ1 ·g Ϫ1 body wt; ns). Similarly, treatment with candesartan did not alter protein excretion in female SHR (13 Ϯ 1 g·day Ϫ1 ·g Ϫ1 body wt; ns); however, ANG II increased protein excretion from baseline levels (19 Ϯ 2 g·day Ϫ1 ·g Ϫ1 body wt; P ϭ 0.028). Regardless, protein excretion remained significantly greater in males compared with females under all treatment conditions (P Ͻ 0.05).
Effect of ARB on ANG (1-7) peptide concentrations and Mas receptor expression.
To gain mechanistic insight into sex differences in BP responses and proteinuria following treatment with candesartan and ANG II, renal cortical ANG (1-7) 
Values are means Ϯ SE. *Significant difference from baseline in the same sex, †significant difference from males, P Ͻ 0.05 for all comparisons. N ϭ 4 -6. Cand, candesartan.
peptide levels were measured in male and female SHR under basal conditions, following treatment with candesartan alone, and following candesartan and ANG II (Fig. 2) . Male SHR had lower basal renal cortical ANG (1-7) concentrations compared with females (102 Ϯ 7 vs. 161 Ϯ 13 pg/g cortex), although this did not reach statistical significance when compared using a two-way ANOVA. ANG (1-7) concentrations were not altered in male SHR by treatment with candesartan alone; however, ANG (1-7) concentrations were increased following ANG II infusion (P Ͻ 0.01). In females, renal cortical ANG (1-7) concentrations significantly increased following treatment with candesartan alone (P Ͻ 0.01); ANG II infusion did not result in a further significant increase. Female SHR maintained higher concentrations of ANG (1-7) following candesartan alone (P Ͻ 0.001), and with ANG II infusion (P Ͻ 0.001) compared with males. Mas receptor expression was also measured in the renal cortex under control, candesartan alone, and candesartan plus ANG II treatments. There were no significant changes in mas protein expression due to the effect of treatment in either males or females (Fig. 3, A and B; respectively) . Similarly, mas receptor expression was comparable between the sexes regardless of treatment (Fig. 3C) .
Effect of ANG (1-7) blockade on ARB-mediated decreases in BP. Additional studies assessed the contribution of ANG (1-7) to candesartan-mediated decreases in BP. Consistent with previous publications, A-779 alone did not alter baseline BP in either male or female SHR (1, 7, 36, 40) . Candesartan significantly decreased BP from baseline in male SHR in the presence of A-779 ( Fig. 4A ; P Ͻ 0.05). In contrast, treatment with A-779 blocked candesartan-mediated decreases in BP from baseline in female SHR (Fig. 4B) . Infusion of ANG II increased BP in male SHR treated with A-779 in the presence of candesartan, although ANG II infusion had no effect on BP in female SHR.
Effect of ANG (1-7) on proteinuria, nephrinuria, and KIM-1 excretion. Urinary excretion of protein, KIM-1, and nephrin were assessed in animals pretreated with A-779 during treatments with candesartan alone and following ANG II infusion (Fig. 4) . Males had greater proteinuria compared with females at baseline. Protein excretion in males was not altered by any of the treatments (Fig. 5A) . Neither A-779 alone, or in combination with candesartan, altered proteinuria in female SHR. However, inclusion of ANG II increased proteinuria in females treated with A-779 and candesartan, abolishing the sex difference (P ϭ 0.004). Baseline excretion of KIM-1 was greater in males compared with females (P ϭ 0.029; Fig. 5B) . A-779 did not alter excretion of KIM-1 during treatment with candesartan alone or in the presence of ANG II in either sex. Nephrin excretion was also greater in males compared with females at Fig. 1 . Effect of candesartan and ANG II infusion on 24-h mean arterial pressure (MAP) as measured by telemetry in male and female spontaneously hypertensive rats (SHR; A). Delta change in 24-h MAP from baseline in response to candesartan and ANG II in males (B) and females (C). Candesartan was initiated on day 0, followed by ANG II infusion on day 7. #Significant difference in blood pressure (BP) from males; *significant difference from baseline in the same sex, P Ͻ 0.05 for all comparisons. N ϭ 7-8. baseline (P ϭ 0.029; Fig. 5C ), and pretreatment with A-779 had no effect on nephrinuria in male SHR under any conditions. However, the addition of ANG II significantly increased nephrinuria in females.
DISCUSSION
The primary novel finding of the current study is that while males are more sensitive to candesartan-mediated decreases in basal BP, females are more sensitive to candesartan-mediated blockade of ANG II-induced increases in BP. Greater sensitivity to ARB-mediated blockade of ANG II hypertension in females was associated with greater increases in renal cortical ANG (1-7) levels. Moreover, blocking ANG (1-7) exacerbated proteinuria and nephrinuria only in candesartan-treated females following ANG II. Collectively, these data suggest that ANG (1-7) plays a greater role in modulating BP in females compared with males, particularly when the RAS is perturbed by either an ARB or ANG II infusion.
Despite consistent reports that AT 1 receptor expression is greater in males (35, 36, 38) , the impact of sex on BP responses to ARBs remains unclear. BP responses in experimental animal models to losartan have been reported to be greater in young Sprague-Dawley rats (30) and aged (42) male SHR, comparable between the sexes in both Sprague-Dawley rats and SHR (10, 31) , or reduced in male SHR (34) . In the current study, BP was continuously measured using telemetry, and we used a lower dose of an ARB compared with other studies that allowed us to detect subtle changes in BP. Our results confirm that AT 1 receptors are critical in maintaining elevated basal BP in both sexes of SHR. However, AT 1 receptors contribute more to the maintenance of hypertension in male SHR, as evidenced by the greater decrease from baseline BP in male SHR during ARB treatment. To assess the efficacy of AT 1 receptor blockade with candesartan in male and female SHR, studies challenged the blockade with ANG II infusion. A higher dose of the ARB losartan (15 mg·kg Ϫ1 ·day
Ϫ1
) was previously shown to abolish ANG II-induced increases in vasoconstriction (10) and BP in male and female SHR (42) . Sex differences in BP sensitivity to candesartan likely reflect sex differences in AT 1 receptor expression (35, 36) ; females have fewer AT 1 receptors than males. Alternatively, sex differences in the pharmacokinetics of candesartan could explain sex differences in BP responses to candesartan. However, the published half-life and metabolism of candesartan are comparable between men and women (8, 16 ) and personal communications with lead scientists at AstraZeneca verified no differences in the metabolism of candesartan between male and female experimental animals. Therefore, sex differences in the BP response to candesartan are independent of sex differences in pharmacokinetics. ANG (1-7) contributes to the BP-lowering effects of RAS inhibitors in male SHR (24, 25) , and female SHR have higher concentrations of ANG (1-7) than males (36) . We previously published that chronic ANG II infusion in the absence of candesartan increased ANG (1-7) concentrations in the renal cortex of male SHR, and the values were comparable to those found in the current study in male SHR treated with ANG II plus candesartan, further supporting the inability of low-dose candesartan to increase ANG (1-7) in male SHR. It should be noted that renal cortical ANG (1-7) localization was not examined; therefore, it is plausible that differences in localization may contribute to our observed functional differences. To our knowledge, there are no reports of sex differences in ANG (1-7) localization, although ANG (1-7) immunostaining has been reported in renal tubules of the inner cortex of virgin and pregnant rats (6) . Candesartan alone did not increase ANG (1-7) in male SHR, although the inclusion of ANG II resulted in a significant increase, suggesting that ANG II acts as a substrate for ACE2 to increase ANG (1-7) in male SHR. Future studies will be designed to assess the mechanisms by which ANG (1-7) levels are increased in both sexes. Higher doses of RAS inhibitors than those used in the current study increase ANG (1-7) concentrations in male rats (12, 14, 24, 41) . Therefore, a higher dose of candesartan may increase ANG (1-7) concentrations in male SHR (13) .
Consistent with our previously published results in SHR (36) , and reports in male diabetic SHR, WKY, and 2K1C Goldblatt hypertensive rats (1, 7, 40) , A-779 had no effect on basal BP in either sex, although blocking ANG (1-7) abolished candesartan-mediated decreases in BP in female SHR. It should be noted that consistent with our previous publication; a role for ANG (1) (2) (3) (4) (5) (6) (7) in BP control in the current study was not uncovered until the RAS had been perturbed by AT 1 receptor blockade and ANG II infusion. Our experimental design did not allow for the direct comparison of candesartan-mediated decreases in BP within each sex. Therefore, we cannot conclude that ANG (1-7) does not contribute to the BP-lowering effect of candesartan in males; it was simply less pronounced than in females. Our results are in agreement with studies indicating that female Dahl salt-sensitive rats have a prolonged decrease in BP to ANG (1-7) compared with males (11) . We hypothesize that ANG (1-7) has less impact on BP in males relative to females. As a result, even a greater increase in ANG (1-7) in the males following ANG II infusion was not able to overcome ANG II-AT 1 -mediated increases in BP.
Inhibition of ANG (1-7) during treatment also had greater effects on proteinuria and nephrinuria in female SHR compared with males. None of the treatments altered protein, KIM-1, or nephrin excretion in males, which is likely related to the fact that although there was an increase in BP in male SHR with ANG II following candesartan treatment, BP did not significantly increase above baseline BP values at the beginning of the study. However, A-779 treatment significantly increased protein and nephrin excretion in female SHR abolishing the sex differences in both parameters. Increases in protein and nephrin excretion in female SHR occurred in the absence of an increase in BP, supporting our conclusion that ANG (1-7) plays a role in maintaining the integrity of renal barrier function in female SHR.
The mechanisms responsible for sex differences in BP responses to candesartan and ANG (1-7) remain unknown. To explore this, we measured mas receptor expression and found that total protein expression was unaltered by treatments and comparable between the sexes. However, sex differences in the functional contribution of ANG (1-7) to ARB-mediated decreases in BP may also be the result of sex differences in cellular or subcellular localization of mas, posttranslational modification of the receptor, or differences in signaling pathways downstream of receptor activation that would not be reflected by measurement of total protein alone. For example, females are known to have greater levels of nitric oxide (NO) compared with males (28, 37) , and NO is a key signaling molecule downstream of ANG (1-7)-mediated receptor activation (18) . Alternatively, losartan upregulates AT 2 mRNA in mesenteric arteries from female SHR, but not males (10) . Additionally, AT 2 receptor activation has been suggested to enhance the anti-hypertensive effects of ARBs (20) and AT 2 receptor activation contributes more to BP control in female Sprague-Dawley rats (22) . Therefore, enhanced AT 2 receptor activation may contribute to the lack of a BP response to ANG II in the presence of candesartan in female SHR. However, in the presence of A-779 and candesartan, there was no decrease in BP in female SHR during ANG II infusion to indicate a shunting of ANG II to the AT 2 receptor. Female sex hormones are also a likely suspect due to tissue-specific regulation by estradiol of ACE/ACE2 and AT 1 /AT 2 receptor genes (5); however, loss of female sex hormones does not alter renal cortical AT 1 protein expression in females (2, 38) . Future studies will be designed to further examine the molecular mechanisms responsible for sex differences in BP responses to ARBs.
In conclusion, there are sex differences in the response of hypertensive experimental animals to AT 1 receptor blockade. Females are more sensitive to the BP-lowering effect of ARBs during ANG II infusion, while males are more sensitive under basal conditions. In addition, ANG (1-7) has a greater contribution to ARB-mediated decreases in BP, protein, and nephrin excretion in females relative to males.
Perspectives
Recent focus has shifted from the established idea that ANG II is the sole principal effector in mediating physiological responses to RAS activation to incorporate the biologically active vasodilatory peptide ANG (1-7) . Inhibition of the AT 1 receptor is a common and widely prescribed treatment for hypertension among both sexes; however, survival is higher among women with heart failure treated with ARBs (23) and women tend to have greater decreases in BP to ARBs compared with men (9, 27, 33) . Our data suggest that there are sex differences in the effectiveness of RAS inhibitors to modulate BP and maintain the integrity of renal barrier function, as well as the mechanisms by which ARBs lower BP. These findings suggest that males need higher doses of candesartan than females to fully antagonize the RAS when activated.
